Using recapture data and radio-telemetry, the movement patterns of small mammals occupying burned and unburned habitats in the Simpson Desert, western Queensland were investigated. Long-term, between trap sessions, recapture rates of small mammals ranged from 7.3 % for Sminthopsis youngsoni to less than 1 % for Pseudomys desertor. Seventeen individuals including Pseudomys hermannsburgensis, S. youngsoni and Notomys alexis were observed to make longdistance movements (> 500 m). The longest recorded movement in this study was 5.7 km by a male S. youngsoni. Telemetry and recapture data indicate that individual P. hermannsburgensis, S. youngsoni and N. alexis can move more than 700 m and up to 2 km in a single night. Radiotracked P. hermannsburgensis and N. alexis utilised a mosaic of burned and unburned habitats in a single night of foraging. Low rates of recapture for small mammals in the Australian arid zone suggest that the populations of many species consist largely of transient individuals. Some species of small mammals appear to have sufficient mobility to locate resource rich patches and utilise habitat mosaics along a continuum of scales. These range from long-distance and presumably unidirectional migrations of 10 km or more, through to nightly movements in the order of several hundred metres to 1 -2 km.
TERRESTRIAL mammals in the Australian arid zone are highly mobile, and are capable of extensive lifetime movements. Individual red kangaroos Macropus rufus and dingoes Canis lupus dingo have been reported to make movements of 200 -300 km (Denny 1982; Corbett 1995) while feral camels Camelus dromedarius have been observed to make movements of over 1000 km (Edwards et al. 2001) . Such extensive movements are not restricted to large mammals. Among medium-sized mammals, cats Felis catus have been observed to move up to 230 km (Newsome 1995) while rabbits Oryctolagus cuniculus and an individual burrowing bettong Bettongia lesueur have been observed to move up to 20 km and 5 km, respectively (Douglas 1969; Short and Turner 1999) . Small mammals also have been found to be surprisingly mobile. Dickman et al. (1995) observed rodents and dasyurids making movements in excess of 10 km, and Read (1984) reported a fat-tailed dunnart Sminthopsis crassicaudata moving 5 km. Moro and Morris (2000) observed a male house mouse Mus domesticus to move 970 m within a 40 minute interval.
'Long-distance' movements by Australian mammals are likely to lie towards the end of a continuum of movements made by animals during the course of their life cycles. This continuum of movements may allow individuals to utilise a mosaic of habitats over a variety of spatial and temporal scales allowing individuals to acquire resources and mates (Law and Dickman 1998) . Such movements may range from the daily use of adjacent habitats to the seasonal use of geographically separated environments through to unidirectional migration. The predominant explanation provided to explain longdistance movements by arid zone mammals has been the location of transient resource patches in an otherwise impoverished environment (Newsome 1965 (Newsome , 1971 Dickman et al. 1995) . Evidence for this comes from observations of small mammals, rabbits and kangaroos moving towards areas which have recently received rain or to areas where feed and surface water are readily available (Newsome 1965; Newsome and Corbett 1975; Dickman et al. 1995; Twigg et al. 1998 ).
On a smaller spatial scale several authors have suggested that arid zone mammals may actively exploit fire-mosaics and that the presence of firemosaics may play an important role in facilitating the persistence of arid zone mammal populations. In particular, it has been proposed that some mammal species, particularly kangaroos, wallabies and cattle, benefit by having long-unburnt areas suitable for shelter which are near to food-rich regenerating areas that are suitable for foraging (Gould 1971; Bolton and Latz 1978; Burbidge et al. 1988; Flannery 1994) .
Similarly, ethnographic literature states that small and medium sized mammals may also utilise fire-mosaics. For example, the spinifex hopping mouse Notomys alexis is said to feed in areas regenerating after fire but shelter in the dense spinifex of long unburnt habitats (Mutitjulu Community and Baker 1996) . As a consequence, fire is widely used and promoted as a management tool to enhance pasture value and biodiversity (Allan and Baker 1990; Burrows and van Didden 1991; O'Reilly 1998; Craig 1999) . However, relatively little work has examined the movement patterns of mammals, or evaluated claims that regenerating areas are any more resource-rich than long-unburnt areas (Short and Turner 1994) .
In this study, I (1) report on the capture, recapture and movements of small mammals in the Simpson Desert, (2) relate the occurrence of movements to the fire history of study sites and the sex of individuals, and (3) present radio-telemetry data on individuals of the sandy inland mouse Pseudomys hermannsburgensis and N. alexis inhabiting fire-mosaics. (Fig. 1) . The dominant landforms within the study area are longitudinal sandridges 8 -10 m in height, running in a NNW-SSE direction (Purdie 1984) . The dune slopes and swales (sandy interdune corridors) support hummock grassland dominated by Triodia basedowii (spinifex). Shrubs including Grevillea stenobotrya, Eremophila spp., Acacia ligulata and Dodonea viscosa are common in these areas. Vegetation on dune crests is dominated by shrubs, particularly G. stenobotrya, Crotalaria spp. and Sida spp. and following rain many ephemeral herbs and forbs are present. In some places, plains between the sand dunes have clay soils with vegetation dominated by the tree A. cambagei (gidgee), forbs and short-grasses.
STUDY AREA
The Simpson Desert is classified as a hot desert. The study area lies between the 150 mm and 100 mm median annual rainfall isopleths (Purdie 1984) . The nearest long-term weather stations to the study area located at Sandringham and Glenormiston, have average annual rainfalls of 198.4 mm (n = 27 years) and 202.8 mm (n = 95 years), respectively. Median annual rainfalls for Sandringham and Glenormiston are 196.2 (n = 27 years) and 169.4 mm (n = 95 years), respectively. There is a pronounced wet season with most rainfall occurring between December and March. However, the annual occurrence and intensity of rainfall is unpredictable. The mean annual temperature is 21 -23° C with maxima of 46 -49° C in summer and minimia of -6° C in winter (Purdie 1984) . 
METHODS

Trapping
Animals were live trapped on 26 study grids, burnt 0 -25 or more years previously (Fig 1) . Grids burnt less than one year previously were classified as recently burnt. Grids age 1 -3 years post-fire were classified as regenerating after fire. Grids aged greater than 25 years post-fire were considered to be unburned. The burnt areas were a result of lightning strikes and deliberate human activity, and ranged in size from 0.3 -3 km 2 . Each burn was contained within a swale, the widest of which was 1 km across and the narrowest 150 m. Each grid was positioned in the swale and comprised six lines each of six pitfall traps spaced 20 m apart, and covered 0.01 km 2 . Pitfall traps consisted of a 5 m drift fence made of aluminium fly-wire, positioned over a length of PVC pipe (16 cm diameter, 60 cm deep), buried flush with the ground. Flywire was placed underneath the traps to prevent animals from escaping. When not in use, traps were closed with lids.
Captured animals were weighed, sexed, checked for reproductive condition and given a unique mark by ear clipping. Capture location sites were recorded using a global positioning system and entered into an Arcview geographical information system (GIS). The
Cravens Peak Carlo Ethabuka # linear distance between locations was then calculated using the measuring tool on the GIS. We define shortterm movements as distances moved within grids (< 100 m), and long range movements as the distances moved between them. Because all the grids are greater than 500 m apart we have no records of recaptures between 100 -500 m. Long-term recaptures are defined as between trap-session recaptures on the same study grid and are used as an indicator of the site fidelty of individuals.
Trapping was conducted between September 1999 and June 2001. Due to floods and sandstorms, the grids trapped and the duration of trap sessions varied. Under ideal conditions, grids were checked in the morning for three consecutive days. Trap effort was standardised for each grid for each trapping session by dividing the numbers of animals caught by the number of nights that the grids were open (i.e., captures/grid/night).
Radio-telemetry
Radio-telemetry was used to investigate short-term movements of small mammals, home ranges and nest sites. Small mammals were live-trapped at night from August 2000 to April 2001 using the methods described above. Eight individuals comprising four N. alexis and four P. hermannsburgensis were selected for radio-tracking. Single stage battery-operated transmitters were used (Titley Electronics, Ballina, NSW), with two different methods of attachment. For P. hermannsburgensis the transmitters were glued directly onto the animal's back using epoxy resin glue. The transmitter had a total weight of 0.4 g, with a trailing antenna of 10 cm. Collars with zip-tie plastic collars were used for N. alexis. The transmitter had a total weight of 0.8 g, with a trailing antenna of 10 cm.
To determine an animal's position, hourly fixes were attempted from sunset till midnight. After midnight a single fix was attempted at 0300 hr. Fixes were taken using a Telonics receiver and a hand held H-antenna. The position of the animal was located using triangulation. Telemetry allowed approach to within 5 m of tracked individuals and on several occasions the exact position of animals was located using dull torchlight. This procedure was carried out for three consecutive nights, yielding one to seven fixes per individual. The point of initial capture was included as a fix.
Locations of small mammals were mapped and home range estimates were made using a modified minimum area method (Ward 1988) using the three animals with more than four radio-locations. The area is calculated by considering all the outer locations in turn. Starting at one point and moving in a clockwise direction the outer locations are joined if they are within half of the range length (the distance between the two most outlying points). If they are not, the line is drawn to the next outer most point within this distance. Any points that fall outside this area are later joined by a straight line to the nearest point on the boundary. Unlike statistical estimates, this nonstatistical method calculates only the home range boundary and provides no estimate of the centres of activity or activity isopleths (Ward 1988) . It is particularly suitable for small data sets. (Table 1) ; the mean recapture rate for all species was 6 %, ranging from 1.3 % for P. desertor to 13.5 % for S. youngsoni. Just under half of all recaptures (46.5 %) occurred within a trapping session and 5.4 % (n = 7) of recaptures occurred more than a year after first capture. Long-term recapture rates (calculated as the percentage of long term, between trap session, recaptures as a function of all captures) for the seven most abundant species ranged from 7.3 % for S. youngsoni to less than 1 % for P. desertor.
RESULTS
Between
The abundance of species varied dramatically over the course of the study both in time and space (Figs. 2 -4 observations suggest that in this instance individuals may have congregated on these sites. On the whole rodents were more abundant at the southernmost site, Ethabuka. In addition S. youngsoni, S. hirtipes and N. alexis were more frequently captured on regenerating (1 -3 years post-fire) than recently burnt or unburnt (> 25 years post-fire) sites.
Mus domesticus
3 0 0 0 0 Rattus villosissimus 1 0 0 0 0 Ningaui ridei 60 3 2 1 0 Planigale tenurostris 4 0 0 0 0 Sminthopsis youngsoni 260 35 12 19 4 Sminthopsis hirtipes 34 4 2 2 0 Sminthopsis macroura 2 0 0 0 0 Dasycercus cristicauda 175 3 1 2 0
Movements
Seventeen recaptures of three species, P. hermannsburgesis, N. alexis and S. youngsoni, represented long-distance movements between trapping grids. The distances moved and the time period between captures varied greatly ( Table 2 ). The longest recorded movements in this study were 5.5 and 5.7 km for male S. youngsoni. Two male P. hermannsburgensis were observed to move > 3 km.
The longest recorded movement for N. alexis was 2.7 km. Several of these movements occurred within trapping sessions. One female S. youngsoni moved 2 km in a single night. One male N. alexis moved 700 m overnight between two patches regenerating after fire. In a subsequent trip the same individual was captured at the point of initial capture.
To determine if recapture category was independent of sex, the proportions of recaptured individuals in each recapture category (same session, between sessions, long distance movement) were compared with their sex. For P. hermannsburgensis long distance movements were more likely to be made by males ( χ 2 = 6.723, P = 0.035). Long distance movements were independent of sex for N. alexis and S. youngsoni.
To determine if recapture intervals or long distance movements were independent of habitat, the proportion of individuals in each recapture category (same session, between trap sessions, long distance movement) was compared with the habitat in which the recapture was made (just burnt, regenerating and long unburnt). For P. hermannsburgensis and N. alexis no significant trends were observed. Between session (long-term) recaptures of S. youngsoni were more likely to occur in areas regenerating after fire (χ 2 = 6.264, P = 0.044). No S. youngsoni individuals were recaptured in areas that had been recently burnt.
Radio-telemetry
Four N. alexis and four P. hermannsburgensis were selected for radio-tracking but only four individuals, one scrotal male P. hermannsburgensis , one nonscrotal male P. hermannsburgensis and two female non-breeding N. alexis were tracked with any success. One P. hermannsburgensis died shortly after release, a second P. hermannsburgensis lost its tag soon after release and two N. alexis are assumed to have moved out of range of the receiver, which was approximately 200 m, shortly after release.
Successful radio-tracking revealed that individual P. hermannsburgesis and N. alexis were capable of travelling linear distances of greater than 150 m in one night. Individuals of each species utilised both burned and long unburnt habitats in a single night (Table 3) . A single burrow site was located for N. alexis, in an unvegetated area on a dune top. Opportunistic observations of other N. alexis individuals entering burrows indicated that this species frequently but not exclusively uses open dune-top locations for burrows. Other indivduals have been observed using burrows under small spinifex clumps in regenerating (1 -3 years post-fire) swale habitats. The two observed P. hermannsburgensis burrow locations were in dense unburned vegetation at the base of shrubs on dune sides or swales. Opportunistic observations of tracks showed that P. hermannsburgensis also made use of pre-existing goanna ( Varanus gouldii) and bearded dragon (Pogona vitticeps) burrows, typically located at the base of shrubs. DISCUSSION In this s tudy individuals of three species, S. youngsoni, P. hermannsburgensis and N. alexis were observed to make long distance (> 500 m) movements. These results are consistent with those of previous studies that have found small mammals of the Australian arid zone to undertake extensive overnight and life-time movements and have drifting home ranges (Morton 1978; Read 1984; Dickman et al. 1995; Friend et al. 1997; Moseby and Read 1998; Moro and Morris 2000) . In the present study a female S. youngsoni was observed to move 2 km in one night, a male P. hermannsburgensis 1.3 km and a male N. alexis 0.7 km. These observations, and the typically low recapture rates previously reported in arid zone studies could be construed, in part, as due to the presence of transient populations. However, the results of this study indicate that not all In this study long-term site fidelity (calculated as the percentage of long term recaptures/all captures) for the seven most abundant species ranged from 7 % for S. youngsoni to to less than 1 % for P. desertor. Similarly, Carthew and Keynes (2000) found some Ningaui yvonneae individuals to be sedentary while others had drifting home ranges. Site fidelity rates are likely to exceed the figures reported here if we consider the loss of individuals to mortality and the potentially large proportion of individuals, as evidenced by telemetry, whose home ranges may only seldom overlap the study grids.
Several factors appear likely to influence whether individuals are sedentary or transient, including the sex of individuals, their breeding status, population density and the availability of food and shelter (Dickman et al. 1995; Friend et al. 1997; Moseby and Read 1998; Carthew and Keynes 2000; Chambers et al. 2000) . For example, Chambers et al. (2000) found that non-breeding Mus domesticus were nomadic at low population densities but were site attached when breeding and at intermediate population densties. In this study long-term recaptures of S. youngsoni were most likely to be made in habitats regenerating after fire. One female was captured three times over one year within less than 100 m of its point of initial capture in an area regenerating after fire. Another female was captured 4 times within 9 months on the same study grid. These observations suggest that some S. youngsoni individuals select, remain and survive in areas regenerating after fire due to the availability of resources, possibly food or shelter. Certainly, the burrows of the agamid lizard Ctenophorus nuchalis which are frequently used as shelter sites by S. youngsoni are most frequently observed on recently burned areas (pers. obs.). In addition, capture data provide some evidence for the congregation of S. youngsoni individuals on regenerating sites at the Ethabuka study site in August 2000. The population peak noted here occurs well after the recruitment of young and is attributed to the congregation of individuals on these study grids. Dickman et al. (1995) found that long distance movements by P. hermannsburgensis were made towards areas where rain had recently fallen but were independent of sex, suggesting that they were motivated by food resources. In the present study male P. hermannsburgensis appeared more likely to make long-distance movements than females. Such movements may reflect the dispersal of males forced from the nest or efforts to locate mates, particularly when we consider the high availability of food resources and high proportion of breeding individuals observed during most of the present study (unpubl. data). Radio-tracking of two P. hermannsburgensis showed the individuals to utilise a mosaic of regenerating and long unburned habitats in a single night covering linear distances in excess of 200 m. It is likely, however, that the distances traversed by these individuals were greater than observed as 200 m approaches the maximum range of the equipment used. The burrows of the two tracked individuals were in dense, unburned spinifex.
Movements by N. alexis in the present study were independent of sex or habitat, but telemetry and recapture data demonstrated that individuals of this species are highly mobile on a night to night basis. One individual was observed to move 700 m overnight from a 3-year-old to a 9-month-old patch. To make this movement, assuming the movement was in a straight line, the individual had to traverse a sandridge, travel through dense spinifex and cross a claypan. In a subsequent field trip the same individual was located at the point of initial capture. These observations suggest that this individual moved freely within at least a 350 m radius, encompassing several vegetation and soil types. Radio-tracked individuals were observed to move 150 m and 170 m, respectively, although one individual moved out of range shortly after release.
The results of this study and several others suggest that some species of small mammals from arid Australia have sufficient mobility to locate and utilise habitat mosaics along a continuum of scales ranging from long-distance and presumably unidirectional migration, in the order of 10 km or more, through to nightly movements of several hundred metres to 1 -2 km (Read 1984; Dickman et al. 1995; Anstee et al. 1997; Moseby and Read 1998;  Table 4 ). The extensive home-ranges and movements of small mammals in the Australian arid zone (Table 4 ) stand in stark contrast to the results of North American studies. For example, Brown and Heske (1990) considered 150 m to be a long-distance movement in their study of North American desert rodents. When compared to North American species, Australian small mammals appear to be poor 'home-builders' that make relatively little investment in burrows, are often nomadic using reptile burrows or ground debris for shelter (Morton 1978; Read 1984; Friend et al. 1997; Moseby and Read 1998; Chambers et al. 2000) and in the case of Australian rodent species do not invest in the caching behaviour characteristic of North American and Asian species (Randall 1993; Dickman et al. 1995) . The life history of small mammals in the Australian arid zone appears to be geared more towards locating food-rich 'refuges' during times of drought rather than relying upon cached food (Newsome and Corbett 1975;  
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The mobility of Australian small mammals may be an adaptive response to the low productivity of Australian deserts, when compared to other systems (Stafford Smith and Morton 1990), and highly variable rainfalls influenced by the El Nino Southern Oscillation (ENSO) (Kotwicki and Allan 1998) . Refuges may owe their existence to geomorphological features, the effects of localised rainfalls, areas regenerating after fire and perhaps patches created by the restriction of grazing (Newsome and Corbett 1975; Bolton and Latz 1978; Morton 1990; Dickman et al. 1995) . Such refuge habitats are themselves likely to be spatially widespread and transient; for example the effects of a fire may be manifest for 1 -5 years (Burrows and van Didden 1991) and a summer thunderstorm for perhaps 2 -3 months (Hunter and Melville 1994) . Given the unpredictable year-to-year rainfall and the possibility of droughts, which usually last 1 -2 years but may last as long as 10 years (Kotwicki and Allan 1998) , being able to locate refuge habitats that offer sufficient resources for survival and perhaps reproduction may be a more secure evolutionary investment for small mammals than the establishment of permanent burrows or seed-caches.
Species
Mass ( Table 4 . Studies reporting the movements and home ranges of small mammal species (body weight < 200 g) from arid and semi-arid Australia. The largest reported movement, mean movement, maximum reported home range and minimum reported home range for small mammal species is presented. 1, distance moved in one night. * Long-distance movements for these species are reported in this study.
